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it ARTICLE INFO ABSTRACT 

12 _ _ 

AIR12 (Auxin Induced in Root culture) is a single gene of Arabidopsis that codes for a mono-heme 
cytochrome b. Recombinant AIR12 from Arabidopsis accepted electrons from ascorbate or superoxide, 
and donated electrons to either monodehydroascorbate or oxygen. AIR12 was found associated in vivo 
to the plasma membrane. Though linked to the membrane by a glycophosphatidylinositol anchor, AIR12 
is a hydrophilic and glycosylated protein predicted to be fully exposed to the apoplast. The expression 
pattern of AIR12 in Arabidopsis is developmental^ regulated and correlated to sites of controlled cell 
separation ( e.g. micropilar endosperm during germination, epidermal cells surrounding the emerging 
lateral root) and cells around wounds. Arabidopsis (Landsberg erecta-O) mutants with altered levels of 
AIR12 did not show any obvious phenotype. However, AIR12-overexpressing plants accumulated ROS 
(superoxide, hydrogen peroxide) and lipid peroxides in leaves, indicating that AIR12 may alter the redox 
state of the apoplast under particular conditions. On the other hand, AIR12-knock out plants displayed a 
strongly decreased susceptibility to Botrytis cinerea infection, which in turn induced AIR12 expression in 
susceptible wild type plants. Altogether, the results suggest that AIR12 plays a role in the regulation of 
the apoplastic redox state and in the response to necrotrophic pathogens. Possible relationships between 
these functions are discussed. 

© 2015 Published by Elsevier Ireland Ltd. 
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28 1 . Introduction 

29 Q 2 The extracellular milieu of plants, known as the apoplast, 

30 includes cell walls, intercellular spaces and the lumen of xylem 

31 vessels, and is a living compartment where environmental cues 

32 are perceived and signals are generated to orchestrate adaptive 

33 responses [ 1 ]. The apoplast also includes an aqueous phase perme- 

34 ating primary cell walls, whose chemical composition can change 

35 depending on physiological and pathological conditions. 
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In the apoplast, reactive oxygen species (ROS) can be generated, 
both in physiological and pathological contexts [2-4], leading to an 
alteration of the redox state that has major effects on both cell wall 
organization and cellular responses to different types of stimuli [5], 
Hydrogen peroxide, generated in the cell wall by the action 
of oxidases and peroxidases, is required for cross-linking reac¬ 
tions including lignin and suberin biosynthesis [1], However, the 
same hydrogen peroxide required for strengthening the cell wall 
may also generate, under particular conditions, hydroxyl radicals, 
cell wall loosening agents implicated in auxin-induced cell wall 
elongation [6], fruit softening [7] and separation of the micropilar 
endosperm cells during germination [8], 

On the other hand, the production of ROS is emerging as a 
key mechanism in the maintenance of cell wall integrity (CW1), 
a task entrusted to a surveillance system that modulates cel¬ 
lular functions by triggering signaling cascades. For example, 
the coordination of CWI and cell growth by THESEUS1 and 
FER0N1A, two receptor-like kinases of the Catharanthus roseus 
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RLK1 -like subfamily, involves ROS produced by NADPH-oxidases as 
downstream signals [9], ROS and NADPH-oxidases play also a role 
in downstream signaling of oligogalacturonide (OGs), fragments of 
homogalacturonan that are bona fide signals for an altered CW1 [10]. 

Besides plant development [11], cell wall remodeling and ROS 
are also deeply involved in plant-microbe interactions 3,4,12 ]. ROS 
are produced in all different levels of plant resistance to biotrophic 
pathogens 12,13 and play a complex role in interactions with 
necrotrophic pathogens. The necrotrophic pathogen Scleorotinia 
sclerotium, for instance, initially suppresses the oxidative reaction 
of the host Arabidopsis, but later it takes advantage from a second 
oxidative burst that triggers programmed cell death in the host tis¬ 
sue, thereby favoring pathogen proliferation [14], Botrytis cinerea, 
which like Sclerotinia secretes oxalate to limit the initial oxidative 
burst, appears to behave similarly [15-17], 

In the apoplast, ROS levels may be chemically controlled by 
low molecular weight antioxidants such as phenolics and ascorbate 
(Asc) [18,19], By reacting with ROS, Asc is transiently oxidized to 
monodehydroascorbate radical (MDHA) that, in the apoplast, can 
be reduced back to Asc by plasma membrane (PM) cytochromes 
t> 56 i [20] or generate fully oxidized dehydroascorbate (DHA) by dis- 
mutation [21 ]. Uptake of DHA for cytosolic regeneration of Asc [22] 
and return to the apoplast, must compete with the rapid degrada¬ 
tion of DHA in the apoplast [23 ]. As a result of all these concomitant 
activities, the redox state of the ascorbate pool in the apoplast 
is typically more oxidized and less buffered than in the cytosol, 
where the pool is much more concentrated and tend to be highly 
and steadily reduced [18,24], Interestingly, export of Asc from the 
cytosol is stimulated by hydrogen peroxide [25] further supporting 
the ROS/Asc interplay in the apoplast [26], 

A1R12 is one of the many redox proteins that may affect or be 
affected by the redox state of the apoplast. The gene AIR12, which 
exists as a single copy in the Arabidopsis genome, was originally 
described as an Auxin early-induced gene of Arabidopsis Root cul¬ 
tures, in which lateral root formation was initiated by addition of 
the hormone [27], Unexpectedly, ten years later, AIR12 was iden¬ 
tified as an Asc-reducible cytochrome b [28], This cytochrome was 
previously shown to be glycosylated [29] and associated to plasma 
membrane vesicles [30], 

A1R12 is a hydrophilic protein predicted to be anchored to 
the plasma membrane by a GPI tail [28], This prediction is con¬ 
firmed by several proteomic studies [31-33], Cytochromes b561 
(CYB561) form a different family of Asc-reducible cytochromes 
of plant cells, different from A1R12 for having a trans-membrane 
structure. Moreover, AIR12 binds a single heme, while CYB561s 
bind two [20,34], AIR12 is made of a single domain called DOMON 
(dopamine monoxygenase N-terminal domain [35]). Interestingly, 
DOMON domains are often associated with other redox domains, 
like in plant CYBDOM proteins in which a DOMON similar to 
AIR12 is inserted on top of a CYB561 domain, possibly forming 
an intramolecular redox chain extending into the cell wall [20,36], 
AIR12 was also found associated with lipid rafts 37,38], a property 
shared with other redox proteins [37], including CYBDOMs [37,39] 
and CYB561 [40], However the physiological role of AIR12 in vivo 
is unknown, and a function connected to the apoplastic redox state 
can only be hypothesized. 

Here we provide in vivo experimental evidence for the plasma 
membrane localization of AIR12, and show that Arabidopsis AIR12 
is a cytochrome b that is reduced not only by Asc but also by super¬ 
oxide, and oxidized by either MDHA or oxygen. Moreover, we show 
that plants overexpressing AIR12 contain higher basal levels of 
ROS and that AIR12 gene expression tends to be restricted to sites 
where controlled processes of cell separation occur (e.g. micropi- 
lar endosperm during germination, sites of lateral root emergence, 
floral organs abscission zones) and is also induced by wounding. 
Interestingly, Arabidopsis AIR12 plays a role in the interaction with 


the necrotrophic pathogen B. cinerea: knock-out mutants are less 
susceptible to the fungus, which, in turn, induces the expression of 
AIRi2. Altogether, the results suggest that A1R12 plays a role in the 
regulation of the apoplast redox state and in the response of the 
plant to abiotic and biotic stress. 

2. Materials and methods 

2.1. Chemicals 

All chemicals were from Sigma-Aldrich (Milan, Italy) or Merck 
(Milan, Italy) unless otherwise stated. 

2.2. Cloning, expression and purification of Arabidopsis thaliana 
AIR12 

The full-length cDNA of Arabidopsis thaliana AIR12 (At3g07390) 
was directly amplified from genomic DNA, since the gene contains 
no introns. The cDNA was first subcloned into an appropri¬ 
ate commercial vector (p35S-2), utilizing the following pair of 
primers 5'-AAA GGATCC ATGTCCCTGTGTCTTAAAATACC-3' (BamHI 
site, underlined) and 5'-AAT GAATTC GAGAGACTAGAGAGAGATCC- 
3' (BcoRI site, underlined). The mature and soluble form of AIR12 
(sAIRl 2), truncated of both the N-terminal signal peptide and the C- 
terminal GPI-insertion sequence, was amplified by PCR with the fol¬ 
lowing primers 5'-TA GCGGCCGC AGCAGACCCCGGCGAAG-3' (Notl 
site, underlined) and 5'-T GAATTC AGGCTTGCAAATCACAGAACTTG- 
3' (EcoRI site, underlined) and transferred in frame with the 
c-myc epitope and a polyhistidine tag into the expression vector 
pPICZaB (Invitrogen). Pichia pastoris X-33 cells (Invitrogen) were 
transformed with pPICZuB-sAIR I 2 and selected on YPDS medium 
containing 1.5mg/mL Zeocin™. Positive clones were tested for 
integration by PCR screening. 

Protein expression and purification were performed as 
described in Ref. [28], Pure recombinant sAIR12 protein was 
analyzed on 12.5% acrylamide gels, before and after deglycosyla- 
tion with endoglycosydase-H (New England BioLabs), performed 
according to the manufacturer’s instructions. Glycoprotein staining 
was performed according to Ref. [41 ]. 

2.3. Molecular characterization of the recombinant protein 
(sAIRU) 

Concentration-dependent ascorbate (Asc) titrations were per¬ 
formed in a quartz cuvette containing 2 pM sAIR12 in 50 mM MES 
(pH 5.5). Final Asc concentrations between 0.1 pM and 20 mM were 
obtained with 1 pi additions of stock solutions with different Asc 
concentrations. Absorbance values at 560 nm were normalized to 
the absorbance of the fully reduced protein obtained with dithion- 
ite, and interpolated by nonlinear regression with a sigmoidal 
equation: 

% sAIR12 reduction = ---— 

(1+So.s/lAsc]) 

in which S 0 .5 represents the Asc concentration giving half reduction 
of 2 pM sAIRl 2 at equilibrium. 

Time-dependent sAIR12 reduction by 1 mM Asc was performed 
with 1 pM purified protein in 50 mM MES (pH 5.5). For reduction 
by superoxide, a solution of 1 pM of sAIRl 2 in 50 mM Tris-HCl, pH 
7.0, 150 mM KC1, 1 mM xanthine, was monitored before and after 
addition of 0.2 units of xanthine oxidase. Time-dependent sAIR12 
oxidation by monodehydroscorbate (MDHA) was recorded after 
addition of 1 unit of Asc oxidase to a solution of 1 pM sAIR12,50 mM 
MES, pH 5.5, previously equilibrated with 0.6 mM Asc. For autox- 
idation experiments, a solution containing 1 pM sAIR12, 50 mM 
MES, pH 5.5, 0.6 mM Asc, was let equilibrate for 30 min. Then the 
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buffer was exchanged by gel filtration to an identical buffer with no 
Asc, and the redox state of sAIRl 2 spectrophotometrically detected. 
In all experiments the percent reduction of SA1R12 was calculated 
from reduced-minus-oxidized spectra of the a-band. For normal¬ 
ization, 100% reduction was obtained by dithionite addition. 

2.4. Plants growth conditions 

If not otherwise stated, Arabidopsis thaliana plants were grown 
on soil in a growth chamber at constant temperature of 22 °C, under 
12/12 h light/dark cycle and photosynthetic photon flux density of 
100 pmol m -2 s _1 . 

2.5. Isolation of the homozygous knock out mutant (AIR)2-ko) 

A knock out mutant carrying an insertion (DS enhancer trap) 
in the single exon of AIR12 in the Arabidopsis ecotype Landsberg 
erecta (Ler-0) was obtained from the CSHL collection (ET8602). The 
presence of the insertion was confirmed by PCR-based genotyping 
and a homozygous line was selected (AIR12-ko). In order to per¬ 
form the RT-PCR analysis, total RNA from 10-days-old plants (either 
Ler-0 or AIR12-ko) was extracted and the cDNA was synthesized 
from 1 pg total RNA as previously described [42], The PCR was per¬ 
formed using primers designed at the 5'- and 3'-end of the AIR12 
coding sequence. The forward and reverse primers were as fol¬ 
lows: 5'-AAACAAGCTTCATGTCCCTGTGTCTTAAAATACC-3' and 5'- 
AATGAATTCGAGAGACTAGAGAGAGATCC-3'. As internal control of 
cDNA quality we used the GAPC-1 (At3g04120) with the following 
forward and reverse primers: 5'-GCAAAGACGCTCCAATG l 11GTTG- 
3' and 5'-GAAGCACCTTTCCGACAGCCTTG-3'. The PCR reaction was 
performed by the GoTaq polymerase (Promega) with the follow¬ 
ing parameters: 30s at 94°C, 30s at 58°C and 60s at 72°C. The 
PCR reaction was stopped at 35 cycles for AIRI2 and 25 cycles for 
GAPC-I. 

2.6. Generation of A1R12 complemented lines (AIRI2-comp) 

The complemented lines were obtained by the transformation 
of AlR12-ko mutant with a 2802 bp genomic fragment of AIRI2. 
The selected genomic region included 1554bp of the promoter 
region, 822 bp corresponding to the AIR)2 coding sequence and 
426 bp downstream the stop codon. The genomic sequence was 
PCR amplified using Advantage 2 Polymerase (BD, Clonetech, 
www.clontech.com) using the same forward primer used for 
promoter amplification, in combination with the reverse primer 
5'-CATG CTCGAG GCTAGAGAGTCTAATGTTGCCCTAATCA-3' where 
anX/ioI restriction site (underlined) was introduced. The amplicon 
was digested with FcoRI and Xhol restriction enzymes and ligated 
into the pGreen0229 binary vector [43], The obtained clone 
named pGreen0229-AIR12comp-genomic was introduced into 
the Agrobacterium tumefaciens GV3101 strain and the AIR12-ko 
line was transformed by floral dip method [44] and screened on 
half-strength MS agar medium containing 250 p,M of BASTA. 

2.7. Generation of GmAIR)2 over-expressing lines (GmAIR)2-oe) 

The coding sequence of Glycine max A1R12 (Glyma03g22260; 
[28]) was splitted in two parts. The N-terminal part, coding for 
the predicted signal peptide (SP) [45], was fused upstream the 
YFP coding sequence in the pAVA554 vector [46] and then the C- 
terminal end, including the predicted GPI-anchoring sequence [47], 
was placed downstream the YFP. The construct was under control of 
the double 35S promoter and the nos terminator. The entire cassette 
2 x 35S-SP-YFP-GmAlR12-nos was subcloned in the pGreen0029 
binary vector [43] and introduced in Agrobacterium tumefaciens 
GV3101 strain. Wild type Arabidopsis plants (Ler-0) were trans¬ 
formed by floral dip method [44 and screened on half-strength 


3 

MS agar medium containing 50 pg/mL of kanamycin. Only two 
GmAIRl2-overexpressing transgenic lines (GmAIR12-oe) were 
obtained and genotyped by PCR with the following pair of primers 
5'-TCCGCCCTGAGCAAAGAC-3' and 5'-GACGGAGAGGGAGCGGT-3' 
on 500 ng genomic DNA. Segregation analysis was carried out by 
growing seed progeny of T2 transgenic plants on a half-strength 
MS solid medium containing kanamycin (50 pg/mL). All the exper¬ 
iments were conducted on single insertion homozygous T3 plants. 

2.8. RT-PCR analyses 

Plants were grown at a constant temperature of 22 °C under 12 h 
light/12 h dark cycle and total RNA was extracted as described in 
Ref. [48], Four plants were collected for each RNA extraction and 
three independent extractions were performed. RNA was treated 
with RQ1 DNase (Promega) and first-strand cDNA was synthesized 
using ImProm-II reverse transcriptase (Promega) according to the 
manufacturer’s instructions. 

Expression analysis of Arabidopsis thaliana AIR12 (AtAIR12) 
by RT-PCR was performed in wild type (Ler-0), AIR12-comp and 
GmAIRl 2-oe plants. The expression level of Glycine max AIR12 
(GmAIR12) was analyzed on Ler-0 and GmAIR12-oe plants. RT-PCR 
was carried out on 50 ng of cDNA obtained from a pool of three 
independent cDNA preparations and GmAIRl 2 gene expression 
was normalized to UBQ5 used as housekeeping gene. Quantifi¬ 
cation was performed with ImageJ software and expressed in 
arbitrary units. Primers for analysis of GmAIRl2, AtAlR12 and 
UBQ5 transcripts were the following: GmAIRl 2-Fw: TCCGCCCT- 
GAGCAAAGAC; GmAIRl 2-Rev: GACGGAGAGGGAGCGGT; AtAIR12- 
Fw: CATGTCCCTGTGTCTTAAAATA; AtAIR12-Rev: TGCAAGCCT- 
GTTGTGAAATC; Ubq5-Fw: GTTAAGCTCGCTGTTCTTCAGT; Ubq5- 
Rev: TCAAGCTTCAACTCCTTCTTTC. 

Real-time PCR analysis was performed using a CFX96 Real-Time 
System (Biorad). One microliter of cDNA (corresponding to 50 ng 
of total RNA) was amplified in a 20 pi reaction mix containing IX 
JumpStarTaqReadyMix (Sigma) and 0.6 pM of each primer. 

For PAD3, total RNA was extracted from three independent 
biological replicates, each composed by 5 leaves. Three techni¬ 
cal replicates were performed for each sample, and data analysis 
was done using the LinRegPCR software. Expression of PAD3 gene 
(At3g26830), relative to UBQ5, was determined using a modifica¬ 
tion of the Pfaffl method [49] as previously described [50], Primers 
for analysis of PAD3 and UBQ5 transcripts were the following: 
Pad3-Fw: TCGCTGGCATAACACTATGG; Pad3-Rev: TTGGGAGCAA- 
GAGTGGAGTT; Ubq5-Fw: GTTAAGCTCGCTGTTCTTCAGT; Ubq5- 
Rev: TCAAGCTTCAACTCCTTCTTTC. 

2.9. Infection of leaves with B. cinerea 

B. cinerea growth assays were performed on detached leaves 
as previously described [51 ]. Rosette leaves from 4-week-old, soil- 
grown Arabidopsis plants were placed in Petri dishes containing 
0.8% agar, with the petiole embedded in the medium. Inoculation 
was performed by placing 5 pi of a suspension of 5 x 10 5 conid- 
iospores/mL in 24g/L potato dextrose broth (PBD) on each side of 
the middle vein. The plates were incubated at 22° C with a 12 h 
photoperiod. High humidity was maintained by covering the plates 
with a clear plastic lid. Lesion size was determined by measuring 
the diameter or, in case of oval lesions, the axes of the necrotic area. 

2.10. Hydroxyl radicals (OH") detection by electron paramagnetic 
resonance spectroscopy 

Seedlings were grown on damped paper in the dark for 5 
days. Spin-trapping assays were performed with the spin trap 
4-pyridyl-l-oxide-N-tert-butylnitrone (4-POBN) [52], For each 
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sample, 30 seedlings were incubated for 4h in lOmM phos¬ 
phate buffer (pH 6.0) in the presence of 50 mM 4-POBN, 4% 
ethanol. Electron paramagnetic resonance (EPR) spectra were 
recorded at 20 °C using an ESP 300 spectrometer (Bruker, Rheinstet- 
ten, Germany). The following parameters were used: microwave 
frequency 9.73 GHz, modulation frequency 100 kHz, modulation 
amplitude 1 G, microwave power 6.3 mW, receiver gain 2 x 10 4 , 
time constant 40.96 ms, number of scans 4. 

2.31. Detection of superoxide with nitroblue tetrazolium 

Accumulation of superoxide in leaves was detected via nitrob¬ 
lue tetrazolium (NBT) staining. Four-week-old plants were soaked 
for 3 h at room temperature in 50 mM K-phosphate buffer, pH 7.5, 
in the presence of 0.1% Triton X-100 and 0.025% NBT. After stain¬ 
ing, leaves were bleached in 80% boiling ethanol, detached and 
placed on a transparency film. Intensity of the blue formazan pre¬ 
cipitate was evaluated by three independent observers according 
to a predetermined scale (Fig. SI). 

2.12. Luminol-based assay for detection of hydrogen peroxide 

Twelve leaf discs (0.125 cm 2 ) from 5-week-old plants were incu¬ 
bated overnight in sterile water in a 96-well titer plate (Thermo 
Scientific NUNC), using one disk per well. ROS production was 
measured by a luminol-based assay in an aqueous solution con¬ 
taining 30 p,g/mL luminol (Sigma-Aldrich) and 20 p-g/mL type VI-A 
horseradish peroxidase (Sigma-Aldrich). Luminescence, recorded 
as total photon count during 40 min and expressed in relative light 
units (RLUs), was measured by using a GloMax 96 microplate lumi- 
nometer with dual injectors (Promega) and signal integration time 
of 1 s. 

2.13. Lipid peroxidation 

Lipid peroxidation in leaves was measured in 4-week-old plants 
by 2-thiobarbituric acid (TBA) test, as described in Ref. [53]. Briefly, 
different amounts (from 150 to 500 |xg) of liquid nitrogen pow¬ 
dered leaves were vigorously mixed with 3 volumes of 0.1% 
trichloroacetic acid. Samples were centrifuged and 0.5 mL of super¬ 
natant was transferred into screw cap tubes in the presence of 
2.0 mL 20% TCA and 1.5 pi 0.5% TBA. Following 30 min incubation 
at 90 °C, the reaction was stopped by placing the tubes on ice. 
The samples were centrifuged and the absorbance of the super¬ 
natant was read at 532 nm, subtracting the non-specific absorption 
at 600 nm. The amount of malondialdehyde-TBA complex was cal¬ 
culated using an extinction coefficient of 155 mM' 1 cm -1 . 

2.14. Generation of A1R12-promoter YFP and GUS lines 

The YFP (Yellow Fluorescent Protein)-coding sequence and 
the GUS (p-glucuronidase)-coding sequence were both fused 
to the Arabidopsis AIR12 promoter (promAIR12; base positions 
-1554 to -1). The 1554bp promoter fragment was amplified 
by PCR using genomic DNA extracted from Arabidopsis leaves 
as a template. The pair of primers, both carrying an FcoRI 
restriction site (underlined), was as follows: forward primer 
5'-CATG GAATTC TGACCGAGAGATATTCAGTTCA-3' and reverse 
primer 5'-CATG GAATTC GTGATGTTTATATAGAAGGGCAATG-3'. 
After digestion, the promoter was cloned upstream of GUS or 
YFP coding regions into a modified pGreen0029 binary vector 
[43,54], where the GUS or YFP coding sequences, fused with 
the nos terminator, were previously inserted in the polylinker 
between Kpnl-Sacl restriction sites. The pGreen-promAlR12::GUS 
or pGreen-promAIR12::YFP constructs were transferred into 
GV3101-pSoup Agrobacterium strain [43] and Arabidopsis plants 


(Col-0) were transformed by floral dip method [44] and screened 
on half-strength MS agar medium containing 50 |xg/mL kanamycin. 
The presence of the insertions was confirmed by PCR on genomic 
DNA with the following specific primers: forward primer inside 
promAIR12 sequence: 5'-CTCACATTGCCCACCTCTATAAAT-3'; 
reverse primer inside the GUS coding sequence: 5'- 
GCGAACTGATCGTTAAAACTGC-3'; reverse primer inside the 
YFP coding sequence 5'-CGGTGGTGCAGATGAACTT-3'. Seven and 
three independent promAIR12::GUS and promAIR12::YFP T1 
plants, respectively, were screened and selected for comparable 
expression of reporter genes. Subsequent work was conducted on 
T2 plants. Three independent GUS and YFP selected lines were used 
for the experiments. The data shown are the most representative 
ones. 

For experiments of AIR12 promoter activity during seedling 
development, seeds of Arabidopsis promAIR12::GUS and pro- 
mAIR12::YFP were vapour-phase sterilized and placed in plates 
containing half-strength MS medium including 0.8% agar. The 
medium was enriched with 0.1% sucrose and 0.05% MES. After cold 
treatment for 2-3 days the plates were exposed to 16/8 h cycles of 
white light (~75 p,E m -2 s _1 ) in the growth chamber at 24 °C. 

Histochemical GUS assays, and YFP detection was performed as 
previously described [54], For experiments of plasmolysis, leaf epi¬ 
dermal strips of AlR12-oe plants were prepared as previously [42] 
and bathed first in milliQ water, and then perfused with 250 mM of 
sorbitol. Images were acquired with 10 s intervals, with an inverted 
Leica SP5 confocal microscope (Leica, Germany) in the XYT mode 
configuration. 

3. Results 

3.1. AIR12 is associated with the plasma membrane 

Sequences encoding AIR12 are exclusively found in genomes of 
flowering plants. AIR12 invariably contains a predicted N-terminal 
signal peptide for translocation into the endoplasmic reticulum and 
a GPI-modifkation sequence in the C-terminal part of the protein 
[28]. Following translocation along the secretion pathway, GPI- 
proteins are typically found associated with the external leaflet of 
the plasma membrane and/or with the cell wall. 

An ascorbate-reducible cytochrome b, later identified as A1R12 
[28 , was shown to be bound to the plasma membrane by isopic¬ 
nic centrifugation on sucrose gradients of membrane vesicles from 
etiolated hypocotyls of soybean (Glycine max ) [30]. In order to ver¬ 
ify the in vivo localization of AIR12 from Glycine max (GmAIR12) 
with a different experimental approach, a construct was prepared 
in which the YFP coding sequence was inserted between the N- 
terminal signal peptide and the coding sequence of GmAlR12 
(Fig. 1 A). The construct was placed under the control of a double 35S 
promoter and used for stable transformation of Arabidopsis [eco¬ 
type Landsberg erecta (Ler-0)], obtaining YFP-GmAIRl 2-expressing 
plants. Successful expression of the transgene was demonstrated by 
RT-PCR (Fig. IB). 

Fluorescence detected in leaves of YFP-GmAIRl 2-expressing 
plants nicely matched the boundaries of leaf epidermal cells 
(Fig. 1C-E). Following hyperosmotic treatment, part of the fluores¬ 
cence signal followed the contraction of plasmolyzed protoplasts 
(compare Fig. 1F-H, before plasmolysis, with Fig. 1I-M, after plas¬ 
molysis; see also Supplementary Video 1). Given the hydrophilic 
nature of AIR12, it is plausible that its physical association to the 
plasma membrane is guaranteed by the GPI anchor, in agreement 
with proteomic studies [38,55], 

Hereon, we will refer to plants expressing the YFP-GmAlR12 
construct under the control of the double 35S promoter as 
GmAIRl2-overexpressing plants (GmAIR12-oe). 
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Fig. 1 . Soybean A1R12 is targeted to the plasma membrane in transgenic Arabidopsis plants. Panel A: Schematic representation of the construct used for expression of 
YFP-GmAIR12 in Arabidopsis ecotype Ler-0 (SP, signal peptide). Panel B: Expression of CmAIR12 gene in YFP-GmAIR12-transformed Arabidopsis plants. RT-PCR analysis was 
performed using cDNA (50 ng) obtained from total RNA extracted from 4-weeks adult plants. The expression of the house-keeping gene ubiquitin-5 (UBQ5) was determined 
as a control. Panels C-E: Localization of YFP-GmAIR12 fluorescence in leaf epidermal cells of transgenic Arabidopsis plants. Panels F-M: Magnification of an epidermal cell 
before (F—H) and after treatment with 250 mM sorbitol to induce plasmolysis (1-M). White arrows indicate portions of the fluorescent plasma membrane detaching from the 


cell wall upon plasmolysis. 

416 3.2. AIR12 is a b-type cytochrome reacting with both 

417 ascorbate/monodehydroscorbate and superoxide/oxygen redox 
4is couples 

419 Arabidopsis thaliana contains a single AIR12 gene (At3g07390), 

420 encoding a predicted mature protein that is 38% identical (54% 


similar) to Glycine max AIR12 28], With the aim of studying its 421 
biochemical properties, a recombinant form of Arabidopsis A1R12 422 

was obtained using Pichia pastoris as a heterologous expression 423 
system. A stop codon was introduced immediately upstream of 424 
the GPI-modification site in order to obtain a soluble form of the 425 
protein (sAIR12) with no GPI-anchor. Purified sAIR12, obtained 426 
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Fig. 2. Biochemical properties of recombinant SAIR12 from Arabidopsis thaliana. (A) Dithionite-reduced-minus-oxidized spectrum of purified SAIR12 (2 p.M) shows typical 
features of a b-type cytochrome. The y-, (1- and a-bands were at 429, 530 and 560 nm, respectively. (B) Concentration-dependent reduction of SAIR12 (2 pM) by Asc at pH 
5.5. Experimental points were interpolated by non linear regression with a sigmoidal equation. (C) Time-dependent reduction of SAIR12 (1 pM) by 1 mM Asc (closed circles, 
pH 5.5), or superoxide generated by xanthine (1 mM) plus xanthine oxidase (0.2 units/mL) (open circles, pH 7.0). Additions of Asc or xanthine oxidase were at minute 4. (D) 
Time-dependent oxidation of reduced SAIR12 by MDHA generated by Asc (0.6 mM) plus Asc oxidase (1 unit/mL) (closed circles, pH 5.5), added after 4 min of measurement. 
To detect SAIR12 autooxidation, Asc-reduced SAIR12 was gel-filtrated to remove the reductant and its reduction state immediately monitored over time in an open cuvette 
(open circles, pH 5.5). The reduced state of SAIR12 (panels B-D) was calculated from reduced-minus-oxidized spectra of the a-band. For normalization, 100% reduction was 
obtained with dithionite addition. 


as previously described for GmAIR12 [28], was found to be gly¬ 
cosylated, and treatment with endoglycosydase-H generated a 
22 kDa band in SDS-PAGE corresponding to deglycosylated sAIR12 
(theoretical molecular mass 21.8 kDa; Fig. S2). 

Purified sAIR12 had typical spectral properties of a b-type 
cytochrome (Fig. 2A) with a symmetric a-band at 560 nm (reduced- 
minus-oxidized). The cytochrome was half-reduced by 80 p,M Asc 
and fully reduced by Asc concentrations exceeding 10 mM (Fig. 2B). 
The single inflection point of Asc-dependent titrations (Fig. 2B) was 
consistent with the presence of a single heme, as previously found 
in Glycine max A1R12 [28], As an alternative to Asc, superoxide pro¬ 
duced by a xanthine/xanthine oxidase system could also reduce 
SA1R12 very efficiently (Fig. 2C). On the other hand, reduced sAIR12 
was insensitive to hydrogen peroxide (not shown), slowly oxidized 
by oxygen and rapidly oxidized by MDHA generated by an Asc/Asc 
oxidase system (Fig. 2D). Based on its single heme, reduced sAIR12 
is likely to perform 1-electron reactions, i.e. Asc regeneration from 
MDHA reduction, or production of superoxide (02 - *) from oxygen 
reduction. Arabidopsis A1R12 is thus a PM-associated cytochrome 
able to interact with common redox couples of the apoplast such as 
MDHA/Asc and 0 2 /02~*. Notably, several biochemical features of 
A1R12 from Arabidopsis thaliana match those of A1R12 from Glycine 
max [28,30], 

3.3. Arabidopsis mutants with increased or decreased expression 
of AIR! 2 show no obvious phenotype under normal conditions 

With the aim of investigating the physiological role of AIR12, an 
Arabidopsis Ler-0 mutant line carrying an insertion in the single 
exon of AIR12 was obtained from the CSHL collection (ET8602). A 
homozygous AIR12 knock-out line (AlR12-ko) was selected by PCR 


on genomic DNA and the absence of AIR12-transcript was demon¬ 
strated by RT-PCR, using gene specific primers annealing at the 5'- 
and at 3'-end of the AIR12 coding sequence (Fig. S3). In order to 
generate A1R12 complemented plants (AIR12-comp), the AIR12-ko 
mutant was transformed with a 2802 bp genomic fragment, com¬ 
posed by the promoter region of AIR12, the AIR12 coding sequence 
and a 426 bp fragment located downstream the stop codon. RNAs 
extracted from WT, AIR12-comp and GmAIR12-oe plants were ana¬ 
lyzed by RT-PCR with specific primers amplifying a 152 bp region of 
Arabidopsis AIR12 (Fig. S4). In both AIR12-comp plants and plants 
overexpressing soybean AIR12 (GmAIR12-oe), transcript levels of 
Arabidopsis AIR12 were similar to wild type levels. 

None of these mutant plants showed obvious phenotypic alter¬ 
ations under control growth conditions at any developmental stage. 

3.4. High levels of A1R12 expression lead to higher levels of 
reactive oxygen species 

With the aim of elucidating whether an altered expression of 
AIR12 leads to an altered production of reactive oxygen species 
(ROS) and related compounds, we analyzed the levels of hydroxyl 
radical (OH*), superoxide (0 2 ~*), hydrogen peroxide (H 2 0 2 ) and 
lipid peroxides (l-OOH) in the different AIR12 mutant genotypes 
compared with wild-type plants. 

Hydroxyl radicals were determined in vivo by EPR, using 5-day- 
old etiolated seedlings because of technical constraints intrinsic 
to this type of assay. Results showed no significant differences 
among the four different genotypes (Fig. 3A). Basal levels of 
superoxide were determined by NBT staining in rosette leaves 
of 4-week-old plants (Fig. 3B). Based on this assay, GmAIR12- 
oe showed higher superoxide levels than wild-type plants, while 
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Fig. 3. Relative amounts of ROS and lipid peroxidation in different genotypes of Ara- 
bidopsis with different expression levels of AIR12. All values are normalized to the 
corresponding wild type values. (A) Hydroxyl radical (OH*) was determined by Elec¬ 
tron paramagnetic resonance (EPR) spectroscopy. Five-days-old etiolated seedlings 
(25 for each measure) were incubated with the spin trap reagent and spectra 
recorded in the incubation medium. Values are means ± SE of 4 independent meas¬ 
ures for each genotype. (B) Relative superoxide (0 2 * j levels in leaves of 4-week-old 
plants as determined by the NBT assay. Intensity of the blue staining (formazan) was 
visually quantified according to a predetermined scale. At least 100 leaves of each 
genotype were analyzed by three independent observers (n = 3). Data shown are 
means ±SE. (C) Hydrogen peroxide levels in leaf discs of 5-week-old plants were 
determined through a luminol-based assay. Six leaf discs for each genotype were 
individually analyzed. Luminescence was recorded as total photon count during 
40 min. Data shown are means ± SE. (D) Thiobarbituric acid-reactive-substances in 
whole leaves, 3 samples analyzed for each genotype. Data shown are means ± SE. 
The actual value of Ler-0 samples was 2.08 ±0.16 nmol malondialdehyde-TBA com¬ 
plex per gram fresh weight. Statistical analysis was performed using ANOVA with 
LSD test for means comparison, P< 0.01 (CoHort software). 


no differences were observed in either AIR12-ko or AIR12-comp 
mutants. Determination of H 2 0 2 in leaf discs by a luminol-based 
assay (Fig. 3C) gave results resembling those obtained with NBT 
staining of whole leaves. A higher level of H 2 0 2 was detected 
in GmAIR12-oe leaf disks, while both AlR12-ko and A1R12-comp 
genotypes behaved similarly to the wild type (Fig. 3C). Finally, lipid 
peroxidation analyses, performed via thiobarbituric acid-reactive- 
substances (TBARS) assay, also provided significantly higher values 
in GmAIR12-oe plants than in other genotypes (Fig. 3D). Taken 
together these data suggest that high levels of expression of AIR12 
may alter the plant redox state, as indicated by the higher levels of 


superoxide, hydrogen peroxide and lipid peroxides in GmAIR12- 
oe plants, implying that A1R12 may play a pro-oxidant role in vivo. 
However, in AlR12-ko plants no significant decrease of any type 
of ROS was determined, suggesting that in wild type plants A1R12 
provides a limited contribution to basal ROS levels. 

3.5. The expression pattern of AIR12 in Arabidopsis plants suggest 
a correlation with cell separation 

In order to investigate whether expression of AIR12 is regu¬ 
lated, the expression profile of the promoter (promAIR12) was 
studied during development. Just after completion of the germi¬ 
nation process, seeds of promAIR12::GUS plants displayed a strong 
signal in the micropilar endosperm, a living tissue in which cells 
are actively separated to open the way to the emerging radicle 
(Fig. 4A). In seedlings, promAIR12 activity was first detected in 
developing veins of cotyledons, in stipules and primary leaf pri- 
mordia (Fig. 4B and C). Expression in roots was mostly associated 
to root turns and sites of lateral root initiation (Fig. 4D-N). Detailed 
analysis of promAIR12::YFP seedlings roots clearly indicated that 
AIR12 expression was mostly confined to the root cap and few cells 
surrounding lateral roots. In adult plants, the expression of AIR12 
was irregularly distributed in leaves (Fig. 40), but also associated to 
the base of trichomes (Fig. 4P). AIR 12 was also expressed in flowers, 
particularly in the abscission zone of floral organs (Fig. 4Q). Many 
of the sites where AIR12 expression is stronger correspond to sites 
where cell walls are actively separated during plant development 
[56], In particular, the micropilar endosperm during germination, 
the sites of lateral root emergence, the root cap and the abscission 
zones of floral organs. 

3.6. AlR12-ko mutants display lower susceptibility to B. cinerea 
infection 

Since the capability of necrotrophic pathogens to colonize the 
host is strongly influenced by the redox state of the apoplast [17], 
a feature that seems to be modified in plants with altered levels of 
AIR12, leaves of four-week-old plants of the above described A1R12 
mutants were infected with spores of B. cinerea. Two days after 
inoculation, wild type plants (Ler-0) displayed rapidly expanding 
water-soaked lesions, while the lesions of AIR12-ko plants were 
significantly smaller in size (40% of wild type, P< 0.05; Fig. 5). The 
size of the lesions in AIR12-comp plants was intermediate between 
AIR12-ko and Ler-0 plants. Lesions of GmAIR12-oe plants were not 
statistically different from those of the wild type. These data show 
that absence of AIR12 leads to increased resistance to B. cinerea in 
Arabidopsis plants. 

Whether the resistant phenotype of GmAIR12-ko plants 
depended on the constitutive induction of PHYTOALEXIN DEFICIENT 
3 ( PAD3 ) gene was evaluated by real time-PCR (Fig. S5). PAD3 
encodes a cytochrome P450 CYP71B15 that catalyzes the last step 
of the biosynthesis of the phytoalexin camalexin, which is known to 
contribute to Arabidopsis basal resistance to B. cinerea [57], How¬ 
ever, no clear correlation was observed between PAD3 expression 
and resistance to Botrytis in the different genotypes analyzed in this 
work. PAD3 expression was higher in GmAIRl 2-oe, but not different 
from the wild type in the other genotypes (Fig. S5), suggesting that 
PAD3 might not be involved in the resistance to B. cinerea observed 
in AIR12-ko plants. 

3.7. AIR!2 promoter activity in Arabidopsis leaves is activated by 
B. cinerea infection and wounding 

Given that the spread of B. cinerea in leaves is hindered by the 
absence of A1R12 (Fig. 5), we asked whether the pathogen might 
affect AIRI2 gene expression. In leaves at a similar developmental 
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Fig. 4. Localized expression of AIR12 as shown by detailed analysis of Arabidopsis transgenic plants expressing either the GUS reporter or the YFP reporter, under the control 
of the AIR12 promoter (promAIR12). (A) Imbibed seeds before and after radicle emergence (GUS staining). Arrowheads indicate the micropilar endosperm. (B) Cotyledons of 
2-day-old seedling (GUS). (C) Stipules (arrowhead) and primary leaf primordia in a 7-day-old seedling (merge of YFP and red chlorophyll fluorescence). (D) Seedling root turn 
(GUS staining). Panels E-N: 7-Day-old seedling roots (YFP and bright field): panels E/I, root apex; F, L, G, M, H, N, sites of lateral root emergence at different developmental 
stages. 0: leaves and inflorescence of a 4-week-old plant (GUS staining): the oldest leaf in the upper left and the youngest leaf in the bottom right. P: trichome (merge of YFP, 
red chlorophyll fluorescence and bright field). Q: developing silique after shedding of sepals and petals (GUS staining). 
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Fig. 5. AIR12 negatively regulates resistance to B. cinerea infection in Arabidopsis. 
Lesion area was measured 48 h post-infection in 20 leaves of each genotype. Data 
are means ±SE. Statistical analysis was performed using ANOVA with LSD test for 
means comparison, P<0.05. One representative infected leave is shown for each 
genotype. 

stage as those used in B. cinerea infection experiments, the pro¬ 
moter activity of AIR 12 was very weak. However, the infection with 
B. cinerea spores induced a clear increase of promAIR12 activity, 
both in the sites of infection and in distant portions of the leaf, 
particularly in the vascular system (Fig. 6). Thirty-six hours after 
inoculation, AIR12 promoter activity was still high in the vascular 
tissue, but absent at infection sites, likely due to cell death. 

Expression of AIR12 was also strongly induced by wounding. In 
leaves, promAIR12::GUS activity started to be induced 3-h after 
wounding, and increased at later time points (6 and 24-h), spread¬ 
ing also beyond the wound (Fig. 7). 

4. Discussion 


Col-0 


promAIR12::GUS 


B. cinerea 


16 hpi 



PDB B. cinerea 



20 hpi 

♦ 


24 hpi 

♦ 


36 hpi 

♦ 



Fig. 6. Induction of A1R12 promoter activity after infection with B. cinerea. Detached 
leaves of 4-week-old wild-type and promAR12::GUS plants were inoculated with 
a suspension of conidiospores of B. cinerea on each side of the middle vein in the 
apical portion of the leaves (see diamonds). GUS staining was performed at 16, 20, 
24 and 36 h post-inoculation (hpi). PDB, Potato Dextrose Broth (mock inoculation). 


A1R12 is a cytochrome b [28] and as such it can perform several 
redox reactions. Here we show that in vitro AIR12 can be reduced by 
Asc or by superoxide, and be oxidized by MDHA or oxygen, although 
the interaction with other, still unknown, redox compounds can¬ 
not be excluded. A1R12 is a hydrophilic protein that was shown 
to be glycosylated in planta [29] and when expressed in Pichia 
pastoris [28], and is predicted to bear a GPI-modification for mem¬ 
brane anchoring. The previously suggested association of AIR12 to 
the plasma membrane [30] is here conclusively demonstrated in 
Arabidopsis plants that constitutively express a YFP-AIR12 fusion 
protein. Proteomic studies further supported the plasma mem¬ 
brane localization [58,59] and the GPI-modification of AIR12 in 
several plants [31,33,55], As a glycosylated, hydrophilic and GPI- 
anchored plasma membrane protein, AIR12 is predicted to be 
exposed toward the apoplast [60] where it might perform its redox 
activity. 

To get insights about how AIR12 might modify the apoplas- 
tic environment in vivo, the production of different types of 
ROS (C> 2 - \ H 2 O 2 , OH*) and ROS-related compounds (lipid per¬ 
oxides) was analyzed in Arabidopsis mutants with altered levels 
of AIR12 expression. AIR12 overexpressing plants consistently 
showed higher levels of each type of ROS, a result apparently consis¬ 
tent with the in vitro capability of reduced AIR12 to convert oxygen 
to superoxide. However, loss of AIR12 function in AIR12 knock out 
plants did not correspond to significantly lower levels of ROS. This 
observation suggests that, in the complex network of reactions that 


regulate ROS levels in vivo, AIR12 does not play a major role in most 
tissues under normal conditions. This hypothesis does not exclude 
the possibility of a role of this redox protein in specific cells and at 
specific developmental stages, as actually suggested by the regu¬ 
lated expression of the gene in particular sites of the plant in which 
cell walls undergo separation, as discussed below. 

AIR12 belongs to the large superfamily of DOMON proteins [35], 
Some DOMON proteins, like AIR12, bind a heme and perform redox 
reactions [61]. Besides A1R12, plants contain a large family of pro¬ 
teins in which a trans-membrane CYB561 domain [34] is fused to 
an extra-cellular DOM ON domain. These proteins have been named 
CYBDOMs [20], CYBDOMs are predicted to bind three hemes b (two 
in CYB561, one in the DOMON) and constitute an electron route 
across the plasma membrane from cytosolic ascorbate to the cell 
wall [20,36], The very existence of CYBDOMs suggests that AIR12 
and CYB561 may interact in vivo 62], Consistently, both A1R12 
and CYB561s and CYBDOMs have been found associated to lipid 
rafts in several systems [37-40], Although the link between the 
redox activity of AIR12 and its function in vivo is still unknown, 
here we show that loss of AIR12 affects the plant response to B. 
cinerea. This result is in agreement with the notion that redox 
conditions of the apoplast are important for the pathogenesis of 
necrotrophic pathogens [17], In the initial stage of infection, B. 
cinerea, like Sclerotinia sclerotiorum, secretes oxalate to inhibit the 
plant oxygen burst [14,16] and creates less oxidizing conditions 


Please cite this article in press as: A. Costa, et al., AIR12, a b-type cytochrome of the plasma membrane of Arabidopsis thaliana is a 
negative regulator of resistance against Botrytis cinerea, Plant Sci. (2015), http://dx.doi.Org/10.1016/j.plantsci.2015.01.004 



















































619 

620 

621 

622 

623 

624 

625 

626 

627 

628 

629 

630 

631 

632 

633 

634 

635 

636 

637 

638 

639 

640 

641 

642 

643 

644 

645 

646 

647 

648 

649 

650 

651 

652 

653 

654 

655 

656 

657 

658 

659 

660 

661 

662 


G Model 

PSL91101-12 


10 


ARTICLE IN PRESS 


o v 


* 


<p^£> 


A. Costa et al. / Plant Science xxx (2015) xxx-xxx 


UW 


w 


UW 


/■ ( 



3 hpw 


6 hpw 


H * 


24 hpw 


Fig. 7. Induction of AIR12 promoter activity by wounding. Leaves of 4-week-old plants were wounded by forceps on each side of the middle vein in the apical portion 
of the leaves (see diamonds). At 3, 6 and 24h post-wounding (hpw), GUS staining was performed. Data from one representative promAIR12:GUS line is shown; a second 
independent line showed a similar response. UW, unwounded; W, wounded. 


that inhibit plant defence responses ( e.g. cross-linking reactions 
and lignin deposition) and favor pathogen invasion [15], However, 
once the infection is established, induction of the plant oxidative 
burst triggers programmed cell death in the host tissue, favor¬ 
ing B. cinerea proliferation on dead cells [17], We have found that 
the AIR12 loss-of-function mutant has increased resistance to B. 
cinerea. Thus A1R12, the expression of which is strongly induced by 
B. cinerea itself, functions as a susceptibility factor in the interac¬ 
tion with this fungus, likely contributing to the oxidative load in 
the infected tissues that promotes B. cinerea growth and disease 
development. On the other hand, the fact that transgenic over¬ 
expression of soybean A1R12 in Arabidopsis plants (GmAIR12-oe) 
does not lead to increased susceptibility may indicate that the level 
of ROS produced by AIR12 during infection of wild type plants is 
already optimal for B. cinerea, and/or that a further increase of ROS 
is compensated by other plant defense responses. 

GPl-anchored proteins constitute about 0.5% of the plant pro- 
teome [35,55] and are largely represented by proteins involved 
in cell wall remodeling [33]. GPI-proteins also represent a pre¬ 
dominant portion of the proteins associated to lipid rafts [32,56], 
In mammalian cells, it was shown that the GP1 anchor is one of 
the signals targeting a protein to lipid rafts and that GPI-proteins 
specifically interact with sterol-rich membrane domains [62-65], 
In Arabidopsis, lipid rafts are composed of a variable set of signaling 
proteins (e.g. receptor kinases, G-proteins, calcium signaling pro¬ 
teins) and a constant set of ca. 40 sterol-dependent proteins, 
including A1R12, most of which are GPI-anchored and involved 
in cell wall remodeling [38]. All these observations suggest a cell 
wall-related role for AIR12. 

In line with a cell wall-related role of AIR12, other DOMON pro¬ 
teins have been shown to function in the modification/organization 
of the extracellular matrix, both in animals and fungi [61], KNICK- 
KOPF, a GPI-anchored DOMON-protein is involved in the correct 
organization of chitin microfibrils in insects and possibly all 
invertebrates with chitinous exoskeleton [66], The DOMON-heme 
of KN1CKKOPF is essential for its function in chitin organization [67], 
Cellobiose dehydrogenase (CDH), a flavor-cytochrome secreted 
by several species of wood-degrading fungi does also contain a 
DOMON-heme and is involved in the degradation of ligno-cellulosic 
substrates [68], Unfortunately, the catalytic mechanism of both 
CDH and I<NICI<I<OPF is still little understood. 

A role of A1R12 in cell wall remodeling is also compatible with 
its expression pattern throughout the plant. The AIR12 promoter 
show high activity in sites where cell walls are being separated 


and modified: ruptured micropilar endosperm of germinated 663 

seeds, the base of trichomes, root cells separated by the emerging 664 

lateral root, floral organs abscission zones, and cells surrounding a 665 

wound. These sites may be associated with ROS production and/or 666 

cross-linking reactions in the cell wall [8,69-71], However, AIR12 667 

per se would not control any of these phenomena as AIR12-knock 66 b 

out plants did not show any obvious phenotype, apart from the 669 

decreased susceptibility to B. cinerea. sm 

A subtle role of AIR12 in cell wall organization may also explain 67i 

the altered response to the fungus. Modifications of cell wall archi- sn 

tecture or composition have been shown to influence resistance 673 

against necrotrophic pathogens, including B. cinerea [15,16,72-81 ]. 674 

In some of the cell wall mutants, resistance relies on constitutive 675 

defense responses, including production of ROS and phytoalexins 676 

[82], In our case, however, increased ROS levels and PAD3 expres- 677 

sion are not clearly associated to the response. 678 

Notably, it has been shown that necrotrophs can force plants 679 

to cooperate in disease by altering the host cell wall [83]. For 680 

example Arabidopsis AtPME3 (a pectin methylesterase) is induced 681 

upon infection with B. cinerea and functions as susceptibility factor 682 

[81,84]. A1R12 provides an additional example of how necrotrophs 683 

exploit the host cell wall metabolism to facilitate pathogenesis. An 684 

intriguing hypothesis, suggested by the similarities between AIR12 685 

and cellobiose dehydrogenase [28,68,85] is that AIR12 may affect 686 

the structure of the plant ligno-cellulosic network. Such a function 687 

may be important in developmental processes that involve tissue 688 

rupture but also cell division and differentiation, including wound 689 

healing. 690 

In conclusion, here we show that A1R12 is a redox-active pro- 691 

tein predicted to face the apoplast, potentially able to affect the 692 

redox state of this compartment and in turn modify the cell wall. 693 
In healthy plants, AIR12 might function with its redox activity in 694 
cell separation processes that physiologically occur during devel- 695 

opment or upon mechanical injury. Low expression levels of AIR12 696 

in Arabidopsis mutants are associated to low susceptibility to B. &n 

cinerea, pointing to a role as a negative regulator of resistance 698 

against this necrotrophic pathogen. Whether this effect is a con- 699 

sequence of the activity exerted by AIR12 on the cell wall needs to 700 
be elucidated. 701 
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Appendix A. Supplementary data 

Supplementary data associated with this article can be 
found, in the online version, at http://dx.doi.org/10.1016/ 
j.plantsci.2015.01.004. 
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